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The Arabidopsis HINKEL Gene Encodes
a Kinesin-Related Protein Involved in Cytokinesis
and Is Expressed in a Cell Cycle-Dependent Manner
addition, the regular cell division pattern characteristic
of Arabidopsis embryos was grossly perturbed. These
defects are reminiscent of the embryo phenotypes of
knolle and keule mutants that are defective in vesicle
fusion during cytokinesis [8, 12–14]. The cytokinesis-
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Universita¨t Tu¨bingen specific syntaxin KNOLLE forms a SNARE complex with
a promiscuous SNAP25 homolog called SNAP33, andAuf der Morgenstelle 3
D-72076 Tu¨bingen the Sec1 protein KEULE interacts with KNOLLE [9, 10]. In
spite of their defects during embryogenesis, hik mutantsGermany
2 Carnegie Institution of Washington develop into abnormal seedlings that resemble knolle
and keule mutants. Seven hik mutant alleles are seedlingDepartment of Plant Biology
Stanford, California 94305 lethal and give rise to a nearly identical range of pheno-
types, suggesting that the cytokinesis defects represent3 Institut fu¨r Genetik und Mikrobiologie
LMU Mu¨nchen the loss of gene function (data not shown; see below).
To examine the cytokinesis defects in more detail,D-80638 Munich
Germany we analyzed the organization of microtubules and the
subcellular localization of the cytokinesis-specific syn-
taxin KNOLLE in hik mutant embryos (Figure 2). Cell
cycle-specific microtubule arrays and KNOLLE accumu-Summary
lation patterns were observed in mitotic cells. However,
large cells with numerous KNOLLE-positive patches dis-Plant cytokinesis starts in the center of the division
played multiple mitotic spindles and associated meta-plane, with vesicle fusion generating a new membrane
phase plates, which may have resulted from previouscompartment, the cell plate, that subsequently ex-
failures to undergo cytokinesis (Figures 2A–2D). Cytoki-pands laterally by continuous fusion of newly arriving
netic cells accumulated KNOLLE at the plane of cellvesicles to its margin [1–4]. Targeted delivery of vesi-
division, suggesting that the delivery of membrane vesi-cles is assisted by the dynamic reorganization of a
cles was not affected (Figures 2E–2H; [8]). Phrag-plant-specific cytoskeletal array, the phragmoplast,
moplasts spanning nearly the diameter of the cell werefrom a solid cylinder into an expanding ring-shaped
observed during cytokinesis in hik mutants, suggestingstructure [5]. This lateral translocation is brought
that lateral expansion of the phragmoplast was not af-about by depolymerization of microtubules in the cen-
fected. At late stages of cytokinesis, wild-type cells lackter, giving way to the expanding cell plate, and poly-
phragmoplast microtubules in the center of the divisionmerization of microtubules along the edge [6, 7].
plane, concomitant with the lateral expansion of theWhereas several components are known to mediate
KNOLLE-positive cell plate (Figures 2I and 2J; [8]). Bycytokinetic vesicle fusion [8–10], no gene function in-
contrast, hik mutant cells displayed both KNOLLE-posi-volved in phragmoplast dynamics has been identified
tive membranes and phragmoplast microtubules acrossby mutation. Mutations in the Arabidopsis HINKEL
the entire division plane (Figures 2K and 2L). Thus, hikgene cause cytokinesis defects, such as enlarged cells
mutant cells appear to maintain a solid bundle of phrag-with incomplete cell walls and multiple nuclei. Proper
moplast microtubules that enlarges during the progres-targeting of the cytokinesis-specific syntaxin KNOLLE
sion of cytokinesis. These observations suggest that[8] and lateral expansion of the phragmoplast are not
HIK gene function is required for the reorganization ofaffected. However, the phragmoplast microtubules ap-
phragmoplast microtubules during cell plate formation.pear to persist in the center, where vesicle fusion should
To identify the molecular basis of the cytokinesis de-result in cell plate formation. Molecular analysis reveals
fects, the HIK gene was isolated by map-based cloningthat the HINKEL gene encodes a plant-specific
(Figure 3). Recombination mapping placed HIK in a smallkinesin-related protein with a putative N-terminal mo-
genomic interval on chromosome 1 comprised of fourtor domain and is expressed in a cell cycle-dependent
open reading frames within the annotated BAC clonemanner similar to the KNOLLE gene. Our results sug-
F15H18 (Figure 3A; and http://mips.gsf.de/proj/thal/,gest that HINKEL plays a role in the reorganization of
which is the web site of the Munich Information Centerphragmoplast microtubules during cell plate for-
for Protein Sequences [MIPS]). Comparative sequenc-mation.
ing of the parental ecotype Landsberg erecta and hik
mutant alleles revealed mutations in gene At1g18370
Results and Discussion predicted to encode a kinesin-related protein with an
N-terminal motor domain (Figure 3B). We sequenced
hinkel (hik) mutants were identified as abnormal em- a HIK cDNA clone obtained from an embryo-enriched
bryos consisting of variably enlarged cells with incom- library to determine the correct splicing pattern. The
plete cell walls and multiple nuclei (Figure 1; [11]). In predicted protein is 942 amino acids long (Figure 3C).
Three hik alleles have premature stop codons, two are
defective in splicing (confirmed by RT-PCR analysis;4 Correspondence: ulrike.mayer@zmbp.uni-tuebingen.de
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Figure 1. Phenotype of hik Mutant Embryos
and Seedlings
(A and D) Seedlings: (A) wild-type (left) and
hik (right); (D) hik.
(B, C, E, and F) Embryos: (B and C) wild-
type; (E and F) hik. Note the cell wall stubs
(asterisks) and variably enlarged cells with
supernumerary nuclei (arrowheads). (B and E)
Whole-mount preparations, Nomarski optics;
(C and F) histological sections, light micro-
graphs.
data not shown), and two have exchanges of conserved protein CENP-E [16], which, however, is more closely
related to other proteins than HIK in Arabidopsis (Figureamino acids in the predicted N-terminal motor domain.
A survey of putative kinesin-related proteins encoded 3D). Furthermore, HIK and its orthologs form a distinct
subgroup among the plant-specific kinesin-related pro-by the Arabidopsis genome has classified the HIK pro-
tein as a member of a plant-specific subgroup, based teins that does not include the DcKRP120-2, TKRP125,
PAKRP1, and kinesin-like calmodulin binding proteinon a comparative analysis of kinesin motor domain se-
quences among eukaryotes [15]. Our own database (KCBP) previously reported to localize to the phrag-
moplast (Figure 3D; [17–20]).searches revealed putative orthologs in rice, maize,
wheat, tomato, and potato, but no closely related protein We examined by in situ hybridization whether the re-
quirement for HIK gene function during cytokinesis isin yeast or animals (Figure 3D). Among animal kinesin-
related proteins, the most closely related sequence was reflected by regulated gene expression (Figure 4). HIK
mRNA accumulated in a patchy pattern during em-the much larger plus end-directed kinetochore motor
Figure 2. Immunofluorescence Localization
of KNOLLE and -Tubulin in hik Mutant Cells
(A–D) Large cell with multiple metaphase
plates and mitotic spindles (arrowheads);
note the accumulation of KNOLLE in numer-
ous patches.
(E–H) Heterogeneous cell population from de-
veloping embryo; note that phragmoplast mi-
crotubules and KNOLLE-positive membranes
span the entire division plane indicated by
arrowheads in (F) and (G).
(I–L) Fully developed phragmoplast in a (I and
J) wild-type control and a (K and L) hik mutant
cell. Blue, DAPI; red, anti- tubulin; green,
anti-KNOLLE; overlays with yellow colocali-
zation signal of tubulin and KNOLLE.
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bryogenesis. A few cells showed a strong signal,
whereas most cells gave no signal at all. For comparison,
we also hybridized embryo sections with a KNOLLE
probe, since KNOLLE is expressed in a cell cycle-depen-
dent manner in developing embryos [12]. The two
probes gave nearly indistinguishable accumulation pat-
terns (compare Figures 4C and 4D with Figures 4E and
4F). Thus, the HIK gene expression is regulated in a cell
cycle-dependent manner.
The HINKEL (HIK) gene encodes a novel kinesin-
related protein that is required for cytokinesis, as indi-
cated by the loss-of-function phenotypes of several mu-
tant alleles. Additional lines of evidence suggest that
the HIK protein is involved in a basic cellular mechanism
unique to plants. The HINKEL (HIK) protein is a member
of a plant-specific subgroup of the kinesin superfamily,
since no closely related kinesins from yeast or animals
have been reported (reviewed in [15]). In addition, HIK
and its orthologs from other plant species, both dicots
and monocots, form a distinct subgroup among plant
kinesin-related proteins. Furthermore, HIK mRNA accu-
mulates in a cell cycle-dependent manner. All these fea-
tures of the HIK gene function are reminiscent of the
cytokinesis-specific KNOLLE gene function: KNOLLE
protein is a member of a distinct plant-specific subgroup
of the syntaxin family required for vesicle fusion during
cytokinesis, and KNOLLE mRNA accumulates in a cell
cycle-dependent manner [8, 12]. Thus, like KNOLLE, HIK
appears to play a specific role in plant cytokinesis.
Several microtubule-associated motor molecules of
the kinesin superfamily are associated with the phrag-
moplast [4, 15, 17, 21]. Kinesins perform diverse roles,
including directional transport of cargo along microtu-
bules or stabilization of microtubule arrays by sliding of
microtubules against each other [1, 15, 21–24]. The plus
end-directed tobacco kinesin-related protein, TKRP125,
displays phragmoplast translocation activity that is in-
hibited by specific antibodies against its motor domain
[18]. TKRP125 has been proposed to maintain the phrag-
moplast organization by mediating sliding of the over-
lines, with recombination frequencies indicated above (bold). The
bottom panel shows that the HIK gene was localized to a segment
of BAC clone F15H18 comprised of four open reading frames (gray
boxes), with the direction of transcription indicated by arrows.
(B) Organization of the HIK-coding sequence. Exons are represented
by black boxes, and introns are represented by thin lines. The muta-
tion sites of seven alleles are marked by asterisks. The putative
N-terminal motor domain is shown as an open box.
(C) Amino acid sequence of the predicted HIK protein. Inverted
triangles mark splice sites determined by comparison between ge-
nomic and cDNA sequences. Filled triangles indicate splice sites
correctly annotated in the MIPS database (www.mips.gsf.de), and
open triangles represent new splice sites. Sequence changes in
mutant alleles (designations indicated above the sequence) are
shown as amino acid replacements or asterisks (stop codons) above
the sequence. Splice donor (spl.don.) or acceptor (spl.acc.) sites
are affected in two alleles.
(D) Sequence alignment-based tree of HIK and a subset of other
plant kinesin-related proteins. The HIK subgroup is boxed. CENP-E
Figure 3. HIK Genomic Organization and Amino Sequence of the from Xenopus and human (HsCENP-E) are the most closely related
Predicted Gene Product non-plant proteins. TKRP125, DcKRP120-2, AtPAKRP1, and
(A) Molecular mapping. The top panel shows a segment of chromo- AtKCBP localize to the phragmoplast. At, Arabidopsis proteins are
some 1 between 5500 and 6500 kb. T, telomeric end; C, centromeric represented by ID number, and non-Arabidopsis sequences are
end. The positions of CAPS markers used for determining recombi- represented by GenBank accession number; EST, partial cDNA se-
nation frequencies are anchored to BAC clones by vertical dashed quence.
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scribed to date appears to be involved in phragmoplast
reorganization during lateral expansion of the cell plate.
What role might the HIK kinesin-related protein play
in cytokinesis? Phragmoplast microtubules mediate the
delivery of Golgi-derived vesicles to the plane of cell
division. Following the initial formation of the cell plate
in the center of the division plane, reorganization of
the phragmoplast results in the delivery of additional
vesicles to the growing margin of the cell plate [2–4].
How the reorganization of the phragmoplast is mecha-
nistically linked to the lateral expansion of the cell plate
is not known. Treatment of tobacco BY-2 cells with ei-
ther the microtubule-stabilizing drug, taxol, or the vesi-
cle-trafficking inhibitor, brefeldin A, blocks both the reor-
ganization of phragmoplast microtubules and lateral
expansion of the cell plate [6, 7]. An arrest of phrag-
moplast expansion was also observed in BY-2 cells
overexpressing an inactive form of a phragmoplast-
associated MAP kinase kinase kinase, NPK1 [25]. Based
on these results, lateral expansion of the phragmoplast
has been proposed to require depolymerization of
phragmoplast microtubules and the formation of the cell
plate in the center of the division plane [6]. However,
our previous analysis of phragmoplast microtubules in
knolle and keule cells, which accumulate unfused vesi-
cles in the plane of division, suggests that lateral expan-
sion of the phragmoplast occurs even though the cell
plate is not stably formed [14]. This observation may be
reconciled with the brefeldin A effect by assuming that
the incoming vesicles are associated with some regula-
tory component whose activity is required for lateral
expansion of the phragmoplast. Similarly, the difference
between the effect of taxol treatment and the hik pheno-
type could be due to a specific stabilization of phrag-
moplast microtubules in hik mutant cells, whereas taxol
may generally stabilize microtubules, thus preventing
their dynamics, which includes those required for lateral
expansion of the phragmoplast.
In hik mutant embryos, delivery of membrane vesicles
required for the formation and lateral expansion of the
cell plate appears unaffected, as KNOLLE protein accu-
Figure 4. Expression of HIK Compared to KNOLLE in Developing mulates at the plane of division during lateral expan-
Embryos sion of the phragmoplast. However, accumulation of
Sections of wild-type embryos were hybridized with antisense ribo- KNOLLE protein does not necessarily imply that cell
probes. plate formation by vesicle fusion occurs properly in hik
(A–D) HIK.
mutant cells. One possible explanation for the cytokine-(E and F) KNOLLE mRNA accumulation.
sis defects of hik mutants would be that the persistenceStages of embryogenesis: (A) globular, (B) early-heart, (C and E)
or delayed depolymerization of overlapping microtu-torpedo, and (D and F) bent cotyledon.
bules may destabilize the nascent cell plate, resulting
in cell wall stubs. Alternatively, cell plate formation may
lapping sets of microtubules against each other. A dif- be compromised, resulting in abnormal stability of
ferent amino-terminal motor kinesin-related protein, phragmoplast microtubules, for example, due to a failure
PAKRP1, accumulates at the overlapping plus ends of to transport some necessary regulatory protein to the
phragmoplast microtubules, and its functional inhibition plane of division. In either case, the HIK kinesin-related
appears to disrupt their overall organization [19]. Several protein appears to play a role in coordinating cell plate
kinesin-related proteins with carboxy-terminal motor formation with phragmoplast microtubule depolymeri-
domains have been implicated in plant cell division al- zation.
though functional evidence is lacking (reviewed in [21]).
Among the latter group is the KCBP from Arabidopsis
Experimental Proceduresthat also accumulates in the phragmoplast. However,
mutations in the ZWICHEL gene encoding KCBP affect Plant Material and Growth Conditions
trichome branching rather than cell division (reviewed The hik alleles were induced by EMS mutagenesis in the Arabidopsis
thaliana ecotype Landsberg erecta. Plants were grown as previouslyin [15]). Thus, none of the kinesin-related proteins de-
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described [26]. Whole-mount preparations of ovules and plastic flowering plants: cellular process and developmental integra-
sections for light microscopy were prepared and analyzed as de- tion. Curr. Opin. Plant Biol. 1, 486–491.
scribed [26]. Staging of mutant embryos is approximate and based 4. Otegui, M., and Staehelin, L.A. (2000). Cytokinesis in flowering
on stages of wild-type siblings from the same silique. plants: more than one way to divide a cell. Curr. Opin. Plant
Biol. 3, 493–502.
5. Granger, C.L., and Cyr, R.J. (2000). Microtubule reorganizationImmunofluorescence Confocal Microscopy
in tobacco BY-2 cells stably expressing GFP-MBD. Planta 210,Immunofluorescence localization of -tubulin and KNOLLE with
502–509.mouse anti--tubulin monoclonal antibody and rabbit anti-KNOLLE
6. Yasuhara, H., and Shibaoka, H. (2000). Inhibition of cell-platepolyclonal serum, respectively, was done as described [8]. Signals
formation by brefeldin A inhibited the depolymerization of mi-were detected with Cy3-conjugated goat anti-mouse and FITC-con-
crotubules in the central region of the phragmoplast. Plant Celljugated goat anti-rabbit secondary antibodies (Dianova). DNA was
Physiol. 41, 300–310.stained with DAPI (1 g/ml). After mounting in Citifluor (Agar, Amer-
7. Yasuhara, H., Sonobe, S., and Shibaoka, H. (1993). Effects ofsham) containing DABCO (25 mg/ml; Sigma), specimens were ana-
taxol on the development of the cell plate and of the phrag-lyzed with a Leica confocal laser-scanning microscope (CLSM) and
moplast in tobacco BY-2 cells. Plant Cell Physiol. 34, 21–29.Leica TCS-NT software. The CLSM standard objective was 63
8. Lauber, M.H., Waizenegger, I., Steinmann, T., Schwarz, H.,(water immersion), and scanning was done with electronic magnifi-
Mayer, U., Hwang, I., Lukowitz, W., and Ju¨rgens, G. (1997). Thecation. Images were processed with Adobe PhotoShop software.
Arabidopsis KNOLLE protein is a cytokinesis-specific syntaxin.
J. Cell Biol. 139, 1485–1493.Molecular Biology, In Situ Hybridization,
9. Heese, M., Gansel, X., Sticher, L., Wick, P., Grebe, M., Granier,and Sequence Analysis
F., and Ju¨rgens, G. (2001). Functional characterization of theFor molecular mapping, two populations of 1000 F2 plants from
KNOLLE-interacting t-SNARE AtSNAP33 and its role in plantcrosses of the hik alleles, UU2017 and UU1534, to Columbia (Col)
cytokinesis. J. Cell Biol. 155, 239–250.wild-type plants were examined. Genomic DNA for PCR amplification
10. Assaad, F.F., Huet, Y., Mayer, U., and Ju¨rgens, G. (2001). Thewas prepared as described [12]. The markers nga63, NCC1, m235,
cytokinesis gene KEULE encodes a Sec1 protein which bindsand nga128 were used to localize the HIK gene to chromosome 1 (The
the syntaxin KNOLLE. J. Cell Biol. 152, 531–544.Arabidopsis Information Resource [TAIR], www.Arabidopsis.org).
11. Nacry, P., Mayer, U., and Ju¨rgens, G. (2000). Genetic dissectionAdditional markers for fine mapping (deposited with TAIR) were
of cytokinesis. Plant Mol. Biol. 43, 719–733.identified by sequencing PCR-amplified Ler genomic DNA from the
12. Lukowitz, W., Mayer, U., and Ju¨rgens, G. (1996). Cytokinesis inregion depicted in Figure 3A.
the Arabidopsis embryo involves the syntaxin-related KNOLLEThe HIK coding sequence was amplified from an embryo-enriched
gene product. Cell 84, 61–71.cDNA library [27], using the primers 5-GATAGGATCCGGAATGAC
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primer pair, 5-GGCGGGATCCCCTTTTGAATCTCCAGACCCACCG Curr. Biol. 10, 1371–1374.
GTCAG-3, and 5-ATATCCCGGGCTATGGTGTCGTCGCCCCTC 15. Reddy, A.S.N., and Day, I.S. (2001). Kinesins in the Arabidopsis
TAGCTGTAG-3, digested with BamHI and SmaI, and subcloned genome: a comparative analysis among eukaryotes. BMC Ge-
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